In this study, the frequency of surface cyclogenesis and the surface cyclone track in East Asia are investigated using high-resolution and long-term reanalysis data, which are ERA40 data in a reduced Gaussian grid system. A cyclone center was identified in the surface pressure anomaly using a modified method after Serreze (1995) . Surface cyclogenesis frequently occurs in several specific areas in all seasons. The broadening of the frequent areas is mostly narrower than those shown in previous studies. The areas of high-frequency cyclogenesis are distributed in the lee of mountains, basins, the Pacific Ocean to the east of Japan, the Japan Sea, the Kuroshio Current region to the south of Japan, and the East China Sea. In particular, this study showed newly several findings; the inactive cyclogenesis in the lee of Tahsinganling in summer; the frequent cyclogenesis in the Hebei Plain except for summer; and the cyclogenesis maxima around the mouth of the Yangtze River and in the East China Sea to the northeast of Taiwan in winter.
Introduction
The model accuracy in the formation of new cyclones often determines the reliability of the numerical prediction, particularly in the leeward region of the cyclogenesis. The forecast skill of cyclogenesis strongly depends on the horizontal resolution and cumulus parameterization of the model (Kuo and Low-Nam 1990) . The previous studies have suggested that the distribution of cyclogenesis is localized in some areas in East Asia because of the effects of mountains and the gradient of sea surface temperature (e.g., Chen et al. 1991, hereafter Chen91) . Such a localization of cyclogenesis is important for the decision of the design of forecast models, including the area of the nested region, horizontal resolution, parameterizations and so on. Chung et al. (1976) (hereafter Chung76) analyzed the frequency of cyclogenesis in Northeast Asia with surface weather maps obtained between 1958 and 1959. They indicated that areas of high-frequency cyclogenesis are distributed in the lee of the major mountains, while the most active area is located in the Mongolian Plateau (Fig. 1a) . Chen91 investigated the seasonal changes of cyclogenesis and cyclone tracks observed in Northeast Asia and the surrounding ocean from 1958 to 1987 (Supplement 1). They reported that the lee cyclogenesis is active during spring and autumn, while the activity of the oceanic cyclone is at its maximum in winter.
The distribution of cyclogenesis over land shown by Chen91 roughly agrees with that obtained by Chung76 but sprawls more widely. Although the reason for the discrepancy is not clear, it is inferred to relate to the different length of the analyzed period or the difference in the definitions of the surface cyclone between Chung76 and Chen91. The cyclones analyzed in Chen91 include larger cyclone than those of Chung76.
In recent year, many studies have reported the cyclone activity from automatic analysis method using objectively analyzed data (e.g., Ueno 1991a; Sinclair 1997; Gulev et al. 2001) . However, most of them have shown only two major maxima of cyclogenesis. One is located at the Mongolian Plateau, and the other is located east of Japan. These results have not demonstrated any high frequency areas corresponding to the small-scale mountains that are shown in Chung76. The major factor of the difference could be attributed to the inadequacy of the cyclone detection method.
Most methods for detecting surface cyclones have been based upon Sea Level Pressure (SLP) of the objectively analyzed data in past studies. However, SLP is likely to contain a considerably large bias caused by the extrapolation of pressure to the sea level, the mountainous area. Ueno (1991b) also pointed out this bias as a cause of the discrepancy between the cyclones objectively analyzed using gridded data and those subjectively analyzed in weather maps. Since plateaus and mountains are broadly distributed in East Asia, surface cyclones should be analyzed by a method that is not strongly affected by difference in altitude. The purpose of this study is to reveal the cyclogenesis in East Asia by a new analysis with the optimal method using high-resolution and long-term reanalysis data.
Data and method
This study analyzes surface cyclones using ECMWF 40-year reanalysis data (ERA40) in a reduced Gaussian grid system with a high spatial resolution of approximately 125 km. As mentioned above, a simple analysis using SLP is not adequate for detecting a surface cyclone in East Asia. In this study, the surface cyclone is identified using the 6-hourly surface pressure on the reduced Gaussian grid, which is available from October 1966 to August 2002.
In order to remove the pressure difference caused by the surface elevation, the pressure anomaly is estimated by subtracting the 6-hourly climatology of the surface pressure, which is obtained from 36 years data after taking a 31-day running average of the original 6-hourly data.
The anomaly data at the model grid points are projected to the Cartesian grid system with a uniform interval of 125 km by use of the linear interpolation assuming an approximation of the polar stereo projection method. The cyclone centers were defined as local minima in the anomaly data, and then the cyclone tracks were estimated using a nearest-neighbor method through the analyzed periods. The detection method was modified from the algorithm developed by Serreze (1995) . The details of the method are described in the appendix (Supplement 2).
Cyclones with the lifetime shorter than 24 hours were excluded from further analysis. Typhoons and extratropical cyclones that had been transformed from tropical cyclones were also eliminated by reference to the Best track data of the Regional Specialized Meteorological Center (RSMC).
Results

Distribution of cyclogenesis
To validate the detection method, the frequency of cyclogenesis was compared with those given by Chung76 and Chen91. Figure 1b shows the mean cyclogenesis frequency during the entire period of 36 years. The frequency of cyclogenesis is estimated as the number of cyclogenesis in a grid point during the entire period. The contours indicate the frequency of cyclogenesis per grid point per 30 days.
The distribution of cyclogenesis obtained in the present study tends to concentrate in several specific areas. These areas are narrower than those obtained in previous studies. The high-frequency regions of cyclogenesis are located in the lee of Tahsinganling and the Altai-Hangayn-Sayan Mountains in addition to the Hexi Corridor, the Hebei Plain, the mouth of the Yangtze River (MYR), and the Japan Sea. These features are common with the distribution shown by the previous studies, although the present analysis indicates multiple maxima of cyclogenesis associated with some smallscale mountains in the Altai-Hangayn-Sayan Moun- tains, instead of the single large maximum shown by Chung76 and Chen91. On the other hand, the maximum in the Sichuan Basin is indicated in this study and Chung76, but not in Chen91. In addition to that, the cyclogenesis maxima in the Dzungaria Basin and the Pacific Ocean to the east of Japan are identified only in the present study. The lee cyclone of the Wuyi Mountain shown by Chung76 and the coastal cyclogenesis in the west of Kyusyu and the south of Shikoku are not detected in the present analysis. Since the distribution of cyclogenesis almost agrees with those of the previous studies except for several maxima, the present detection method seems to successfully identify most cyclones illustrated in surface weather maps.
The seasonal variation of the frequency of cyclogenesis is illustrated in Fig. 2 . Most cyclones generate in several specific areas throughout the year, while the frequency of cyclogenesis in each maximum area clearly shows a seasonal variation. The cyclogenesis is inactive during winter around the Mongolian Plateau in the lee of the Hangayn Mountain and the Hexi Corridor. Cyclogenesis around MYR is often detected throughout the year, while the frequency there is higher in spring. The center of the maximum frequency of cyclogenesis is usually located at the Yangtze River, although the center shifts approximately 3 degrees northward in summer. These characteristics are roughly similar to that reported in Chen91, except for the location of the maxima around MYR. On the other hand, cyclones formed relatively infrequently in the lee of Tahsinganling in summer, while Chen91 showed the cyclogenesis in the area is most active in summer. In addition, it should be noted that the Hebei Plain is an active area in cyclogenesis except for summer. The cyclogenesis maxima are stationary in the Plain through the year. Over the Dzungaria Basin and the Sichuan Basin, surface cyclones often generate in all seasons. These features differ from those of Chen91.
A high-frequency area of cyclogenesis is located in the Japan Sea and the Pacific Ocean to the east of Japan throughout the year, while it is remarkable in winter. The frequency is also high in the coastal sea to the east of China in winter and spring, and in the Kuroshio Current region to the south of Japan in spring. The distribution of maritime cyclogenesis in this study has similar feature to that in Chen91 in summer and autumn, while the location of the maxima substantially differs particularly in winter.
The present analysis shows some prominent active areas of winter cyclogenesis around the East China Sea, namely; in the sea to the northeast of Taiwan and near MYR. On the other hand, Chen91 showed that the active areas locate in the west of Kyushu and the Kuroshio Current region to the south of Japan. These cyclones originated around the East China Sea are well known as a cyclone passing along the southern coast of Japan. The cyclone often brings heavy snow in coastal region and causes some social damages. Thus the next section investigates the origin of the cyclone passing along the southern coast of Japan.
Cyclone passing through the southern coast of Japan in winter
The density of the cyclone track in winter is illustrated in Fig. 3 . The density is defined as the number of links of the surface cyclone centers, obtained by the nearest-neighbor method, through the grid point during winter. Thus, the links are counted only once for the grid point for a cyclone. The contour lines indicate the density per grid point per 30 days.
The cyclone tracks around Japan are classified into three major routes as shown by the thick arrowed lines in Fig. 3: (1) those generating in the East China Sea to the northeast of Taiwan or around MYR and moving east along the southern coast of Japan; (2) those generating around MYR or the Hebei Plain and moving east through the north of Japan; (3) and those generating in the Mongolian Plateau and moving east or to the Japan Sea. It should be noted that the major route (1) consists of two cyclone tracks: one originates near MYR, and another, in the East China Sea to the northeast of Taiwan. These two merge south of Kyusyu and move further east along the southern coast of Japan. This fact was not shown in Chen91. These two cyclones with different origins contribute to the frequency of the winter cyclones passing along the southern coast of Japan. Figure 4 shows the cyclone tracks and the genesis points of all cyclones that passed through the Kuroshio Current region (blue rectangle) in winter during the analyzed period. The size of the red circles indicates the number of cyclogenesis of the cyclone in each grid point. The origins of these cyclones are distributed primarily in three areas: the Kuroshio region to the south of Shikoku, the region around MYR, and the East China Sea to the northeast of Taiwan. The latter two have been mentioned above as the sources of the major route (1). Nearly half of the cyclones originate in the East China Sea to the northeast of Taiwan or around MYR, while the other half originate in the Kuroshio region. Namely, half of the cyclone passing through the Kuroshio region form in the further windward regions.
Discussions
The cyclone detection method in this study seems to have a bias to detect the cyclones slightly more frequently in the Dzungaria Basin and the Sichuan Basin than in other areas. When a synoptic trough approaches the basin, the surface pressure in the basin often decreases more than it does in the surrounding mountains, although the evolution of the surface depression is similar to that in the surrounding area. Since a synoptic trough generally has a baroclinic structure, the pressure evolution depends on the altitude and is different between the bottom of the basin and the surrounding mountains. On the other hand, the detection method identifies the surface cyclone by the negative pressure anomaly relative to that of the surrounding areas. As a result, the surface depression may be orographically enhanced in the bottom of the basin when the synoptic trough is passing. The effect of this bias is small in the analysis of the surface cyclone track, because the cyclone track is counted only once for a grid point for a cyclone.
As mentioned in previous section, the distribution of cyclogenesis obtained in this study shows some different features from that of Chen91 as follows: (1) the cyclogenesis is inactive in the lee of Tahsinganling in summer, (2) the cyclogenesis is more frequent in the Hebei Plain except for summer, and (3) two cyclogenesis maxima appears around MYR and the East China Sea to the northeast of Taiwan in winter. It is difficult to prove the reasons of these differences, because there are several differences between this study and Chen91, such as data, method, and periods. However, the reason of (2) can be speculated to be related with the horizontal resolution of the source data, while that of (3) may be affected by both horizontal resolution and detection method.
We analyzed the surface cyclone in the National Centers for Environmental Prediction (NCEP)/DOE AMIP-II reanalysis data (R-2) based on the same detection method. The horizontal resolution of R-2 is 2.5 × 2.5 degrees and nearly equal to Chen91. The result of R-2 indicated that the distribution of the cyclogenesis in the Hebei Plain was similar to that of Chen91 showing a widespread distribution. This suggests that the difference between this study and Chen91 (R-2) is caused by the horizontal resolution. On the other hand, the analysis of R-2 showed similar maxima in the coastal region to the east of China. Thus the difference can be partially attributed to the difference in the method. Since the cyclogenesis distribution of R-2 sprawled more widely than that of this study, the horizontal resolution also contributes to the difference. Takano (2002) reported a case study for a cyclone that generated in the East China Sea and rapidly moved east, developing around the Kuroshio region. The method applied in Chen91 defines the cyclone by a closed contour line with an interval of 5 hPa on surface weather maps. Thus, the cyclogenesis reported in Chen91 may contain cyclones that had developed further there after they generated as meso-scale cyclones around MYR or in the East China Sea to the northeast of Taiwan. On the other hand, the present analysis can detect meso-scale cyclones by using highresolution data with an interval of about 125 km
Conclusions
This study was successful at detecting the detailed distribution of cyclogenesis in East Asia. The feature of cyclogenesis analyzed by the new detection method agreed well with that of the previous study. While cyclogenesis tends to occur frequently in several specific areas, the broadening of the frequent areas is mostly narrower than those shown in previous studies.
The high-frequency regions of cyclogenesis are distributed in the lee of the mountains, the basins, the mouth of the Yangtze River, the Pacific Ocean to the east of Japan, the Japan Sea, and the East China Sea. Especially, this study showed that the cyclogenesis is inactive in the lee of Tahsinganling and at the Hebei Plain in summer. We also showed that cyclogenesis maxima locate around the mouth of the Yangtze River and in the East China Sea to the northeast of Taiwan in winter. These areas are parts of origins of the cyclones passing through the southern coast of Japan, while these are further windward than those estimated in previous studies.
The present study showed the surface cyclogenesis in detail by the analysis using the high-resolution data and the new detection method. The knowledge gained from this study is expected to improve the cyclone prediction and to assist the understanding of the surrounding phenomena. 
